In the present article, we report that DR4 or DR5 overexpression dramatically activates the release of the inflammatory cytokines IL-8, TNF-α, CCL20, MIP-2 and MIP-1β in an NF-κB-dependent manner in 293T, MDA-MB-231 and HCT-116 cells. We showed that death receptor-mediated signals were extracellular domain-independent, whereas the effect of overexpression of the DR4 intracellular domain was much less potent. The TRADD-TRAF2-NIK-IKKα/β signaling cascade, which plays an essential role in TNF-induced NF-κB activation, was found to be involved in tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor-mediated signal transduction. The FADD-caspase signaling pathway, which has been reported to be mostly related to apoptosis, was identified as being essential for DR4 or DR5 overexpression-mediated NF-κB activation and cytokine secretion and crosstalks with the TRADD-TRAF2-NIK-IKKα/β signaling cascade. Furthermore, a DR5 agonistic antibody (AD5-10) triggered the inflammatory cytokine release. These data, together with previous reports, provide strong evidence that TRAIL and TRAIL receptors play an important role in inflammation.
Introduction
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is known to induce apoptosis in a variety of tumor cells and virally infected cells, but not in most normal cells [1, 2] . Recombinant soluble TRAIL and TRAIL receptor-specific agonistic antibodies have attracted considerable attention for their potential utility in cancer therapy. To date, five TRAIL receptors have been identified in humans. Among these receptors, DR4 and DR5 possess an intracellular tail containing the death domain, which mediates cell death via apoptosis [3] [4] [5] . TRAIL receptor overexpression as well as TRAIL treatment induced apoptosis in different cell lines. Once engaged, TRAIL receptors recruit a number of adaptor proteins, after which a signaling cascade is activated. The components of the death-inducing signaling complex (DISC) recruited by the TRAIL receptor have not been well defined. For example, there are controversial reports on the involvement of TRADD and RIP [5] [6] [7] [8] .
Most investigations about TRAIL have focused on its ability to induce apoptosis in cancer cells; however, the physiological functions of TRAIL and TRAIL receptors are much less well understood [9] . Both TRAILand TRAIL receptor-deficient animals display increased susceptibility to tumor metastasis [10, 11] . It has been reported that TRAIL deficiency leads to autoimmune disease progression, as well as to defects in thymocyte negative selection, although the latter finding is controversial [12, 13] . In addition, a role for TRAIL in the regulation of CD8 + T cell activation and memory has been demonstrated [14] . Previous reports demonstrated that TRAIL was also shown to be involved in the homeostatic control of endothelial biology; this finding illustrated the complex roles of TRAIL and the TRAIL receptor in inflammation, although many of the reports are controversial [15] [16] [17] [18] . It has also been shown that TRAIL can induce IL-8 and MCP-1 expression in various cell lines [19] [20] [21] , but the precise role of TRAIL in inflammation remains to be clarified. In the present study, DR4 or DR5 was overexpressed in 293T, MDA-MB-231 and HCT-116 cell lines, and the expression levels of inflammatory cytokines were then determined. Our results demonstrate that DR4 or DR5 overexpression, as well as DR5 engagement activated the release of a number of inflammatory cytokines in an NF-κB-dependent manner.
Results

Overexpression of DR4 or DR5 activates inflammatory cytokine release
293T cells were transfected with individual expression plasmids of the two TRAIL receptors, and RT-PCR was performed. As shown in Figure 1A , among the cytokines we investigated, mRNA expression levels of IL-8, TNF-α, CCL20, MIP-2 and MIP-1β were dramatically induced. To determine whether this result was 293T-specific, lentiviral vectors for DR4 and DR5 were transduced into MDA-MB-231 and HCT-116 cells. As expected, death receptor overexpression upregulated the mRNA production of IL-8, CCL20 and MIP-2 in these two cell lines ( Figure 1B ). Based on their high transfection efficiency, 293T cells were selected for the subsequent studies. As shown in Figure 1C , secretion of IL-8, TNF-α and CCL20 was also increased in the medium of 293T cells, as determined by cytokine measurement. Collectively, these results indicate that overexpression of DR4 or DR5 in 293T cells activated inflammatory cytokine release.
DR4-and DR5-mediated inflammatory cytokine release is NF-κB-dependent
To investigate whether NF-κB was involved in DR4-and DR5-mediated inflammatory cytokine release, 293T cells were transfected with a plasmid expressing an IκB dominant negative form (IκB DN) and NF-κB activation was determined by luciferase assay. As shown in Figure  2A , transfection of the IκB DN plasmid in cells with DR4 or DR5 overexpression significantly attenuated NF-κB activity; IKK inhibitor II (Wedelolactone) could also block death receptor-mediated NF-κB activation, although it was not as efficient as the IκB DN construct. Meanwhile, RT-PCR ( Figure 2B ), luciferase assay ( Figure  2C ) and cytokine measurement ( Figure 2D ) revealed that upregulation of IL-8, TNF-α, CCL20, MIP-2 and MIP-1β was significantly blocked by IκB DN and IKK inhibitor II, indicating that DR4-and DR5-mediated inflammatory cytokine release was NF-κB-dependent.
DR4-and DR5-mediated inflammatory cytokine release and apoptosis are not dependent on their extracellular domain
To investigate which domain of the death receptors TRAIL receptor-mediated inflammatory cytokine release 760 npg plays an essential role in DR4 or DR5 overexpressionmediated NF-κB activation and apoptosis, plasmids expressing various defective TRAIL receptors were engineered as depicted in Figure 3A and transfected into 293T cells. Expression levels of the various TRAIL receptors were confirmed by western blot ( Figure 3B ). NF-κB activation was evaluated using luciferase activity assay. Cell death was observed under a light microscope. As shown in Figure 3C , constructs encoding the cytoplasmic domain of DR4 (DR4 CD) and decoy receptor (DcR)2 were less potent in stimulating NF-κB activation, whereas DR5 CD, DR4 STMCD and DR5 STMCD activated NF-κB to a level similar to that of the corresponding wild-type constructs. Moreover, overexpression of these constructs, except for DR4 CD and DcR2, markedly triggered apoptosis in 293 T cells ( Figure 3D ). These results indicate that the lack of extracellular domains did not affect the ability of DR4 and DR5 to activate NF-κB-dependent inflammatory cytokine release or apoptosis.
The TRADD-TRAF2-NIK-IKKα/β signaling cascade is involved in DR4 and DR5 overexpression-mediated NF-κ B-dependent inflammatory cytokine release
To investigate the signaling pathway stimulated by DR4 or DR5 overexpression, a TRADD dominant negative construct (TRADD DN) was transfected into 293T cells with or without DR4 or DR5 overexpression. NF-κB activation was evaluated by a luciferase activity as- 
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npg say, and cytokine release in the medium was determined by cytokine measurement. As shown in Figure 4A and 4B, TRADD DN transfection reduced TRAIL receptormediated NF-κB activation and release of IL-8, TNF-α and CCL20. It is well known that the TRAF2-NIK-IKKα/β signaling cascade acts downstream of TRADD. Therefore, the possible role of TRAF2-NIK-IKKα/β was further investigated using corresponding DN construct transfection. The luciferase activity assay showed that these DN constructs inhibited NF-κB activation significantly ( Figure 4C ). RT-PCR ( Figure 4D ) and cytokine measurement ( Figure 4E ) demonstrated that induction of inflammatory cytokines (IL-8, TNFα and CCL20) was inhibited by these DN constructs. These data indicate that the TRADD-TRAF2-NIK-IKKα/β signaling pathway was involved in TRAIL receptor overexpression-activated NF-κB-mediated inflammatory cytokine release.
DR4 or DR5 overexpression-activated inflammatory cytokine release involves the FADD-caspase signaling pathway
To further clarify the TRAIL receptor overexpressionmediated signaling pathway, FADD DN plasmid and a cytokine response modifier A (CrmA) expression construct were transfected into 293T cells with or without DR4 or DR5 overexpression and then a luciferase reporter gene assay was performed. As shown in Figure 5A , these two constructs efficiently inhibited TRAIL receptor overexpression-mediated NF-κB activation. Meanwhile, upregulation of the inflammatory cytokines IL-8, TNF-α and CCL20 was blocked by these two constructs at both the mRNA level, as determined by RT-PCR ( Figure 5B) , and the protein level, as determined by cytokine measurements ( Figure 5C ). Earlier investigations into the roles of FADD and caspases in NF-κB activation are controversial, and studies in MCF-7 cells were not consistent with our conclusions [5] . To present further evidence for our results, we examined the ability of FADD and caspase-8 to activate NF-κB by transfection of FADD or caspase-8 expression plasmids. As shown in Figure 5D , overexpression of FADD or caspase-8 activated NF-κB, which could be inhibited by expression of a plasmid for CrmA or DN plasmids of NIK, IKKα and IKKβ. Taking together these findings, we could conclude that the FADD- 
Relative luciferase activity npg caspase signaling pathway, which has been reported to be mostly related to apoptosis, is essential for death receptor overexpression-mediated inflammatory cytokine release, and may crosstalk with the TRADD-TRAF2-NIK-IKKα/β signaling cascade.
DR5 engagement by an agonistic antibody activates inflammatory cytokine release in a dose-dependent manner
Finally, we investigated whether death receptor engagement triggers inflammatory cytokine expression in 293T cells. The cells were treated with a novel agonistic anti-human DR5 monoclonal antibody (AD5-10) that was developed in our lab [22] , followed by a luciferase assay for NF-κB activation. As shown in Figure 6A , AD5-10 treatment significantly activated NF-κB in a dose-dependent manner. RT-PCR analysis revealed that AD5-10 could trigger inflammatory cytokine mRNA upregulation ( Figure 6B ). When cells were transfected with reporter plasmids for IL-8, CCL20, MIP-2 and MIP-1β followed by AD5-10 antibody treatment, NF-κB was activated, and expression of these cytokines was thereby transcriptionally upregulated, as revealed by a luciferase activity assay ( Figure 6C ). It was also found that AD5-10 could induce IL-8, CCL20 and TNF-α release, as determined by cytokine measurement ( Figure 6D ). DISC components were also examined following DR5 activa- The results showed that FADD, caspase-8 and RIP were recruited into the DISC, whereas TRADD and TRAF2 were not detected ( Figure 6E ). Taken together, these findings indicate that DR5 ligation by its agonistic antibody also triggers inflammatory cytokine release in an NF-κB-dependent manner.
Discussion
The direct function of TRAIL-activated NF-κB remains unclear, although TRAIL has been reported to activate NF-κB in different cell lines. In the present study, we report for the first time that DR4 or DR5 overexpression, as well as DR5 engagement with its agonistic antibody activate the secretion of inflammatory cytokines, such as IL-8, CCL20, TNF-α, MIP-2 and MIP-1β, in an NF-κB-dependent manner. These results provide strong evidence that DR4 and DR5 are involved in inflammation in addition to apoptosis. To our knowledge, this is the first demonstration that TRAIL receptor overexpression activates inflammatory cytokine release. It is also the first report that indicates the involvement of TNF-α, MIP-2 and MIP-1β in the TRAIL receptor-mediated signaling pathway. Dominant negative constructs, which encode inactive products, have been widely used in the study of signaling pathways. Since they act antagonistically towards their wild-type counterparts, DN constructs exhibit high specificity. DN constructs have been proved to be effective, but there is one major drawback to this strategy; that is, transfection of the DN constructs leads to rapid accumulation of the mutant proteins, which may bind to proteins and localize to areas within the cell that are not physiologically relevant. As a solution to this potential drawback of DN constructs, we also used an IKK inhibitor to confirm the results obtained using IκB DN. Receptor oligomerization is considered necessary for signal transduction mediated by the death receptors [23] . 293T cells were transfected with NF-κB luciferase reporter plasmids and incubated with 0.1 µg/ml or 1 µg/ml AD5-10, followed by a luciferase activity assay. (B) 293T cells were treated with AD5-10 at 0.1 µg/ml and 1 µg/ml, followed by RT-PCR analysis. (C) Similar to (A), except that IL-8, CCL20, MIP-2 and MIP-1β luciferase reporter plasmids were used as indicated. (D) The 293T cells were treated with AD5-10 at 0.1 µg/ml, followed by cytokine measurement. (E) 293T cells were treated with 0.1 µg/ml or 1 µg/ml AD5-10 for a time course as indicated, followed by DISC analysis. We showed that TRAIL receptor overexpression, similar to treatment with TRAIL or a receptor-specific agonistic antibody, induced automatic oligomerization and triggered downstream signaling pathways; however, the death receptor extracellular domain was not required for triggering these signals.
Signaling studies demonstrated that the TRADD-TRAF2-NIK-IKKα/β signaling cascade was involved in the death receptor overexpression-mediated signaling. It is reasonable to conclude that a high amount of receptor expression may amplify the interaction between receptors and adaptors, which leads to an amplification of signal transduction and consequent responses in the cells. It is possible that, upon TRAIL engagement, TRAIL receptors have a relatively weak ability to recruit adaptor proteins such as TRADD, whereas in the receptor overexpression system the ability could be significantly amplified and become detectable.
NF-κB was once regarded as the molecular determinant of TRAIL resistance that promoted the expression of survival factors, such as members of the IAP family (c-IAP1, c-IAP2 and XIAP) [24] and the Bcl-2 homologs Bfl-1/A1 [25, 26] and Bcl-X L [27] . Although NF-κB protects cells from apoptosis [28] [29] [30] , TRAIL susceptibility does not correlate with constitutive NF-κB activation status in several cell lines [31, 32] . We found that DR overexpression induced apoptosis concomitant with the activation of NF-κB, suggesting that TRAIL receptormediated apoptosis and NF-κB activation bifurcate downstream of caspases.
FADD and caspases play an essential role in the death signal transduction mediated by the death receptors [6, 8] . We showed that blockade of the FADD-caspase signaling cascade inhibited death receptor-mediated NF-κB activation, suggesting that FADD and caspases may protect some cells from apoptosis. This is consistent with the reports by Chaudhary et al. [5, 21] , whereas most earlier studies indicated that caspase activation blocked NF-κB activation. This discrepancy might be a result of the different cell lines studied.
We found that DR5 engagement also induced NF-κB activation and inflammatory cytokine release. DR5 agonistic antibody treatment did not trigger apoptosis in TRAIL-resistant 293T cells, although caspase-8 was recruited into the DISC. The fact that cleavage of caspase-8 followed by cell death did not occur may be due to the expression of intracellular inhibitors. We showed that FADD-caspases were involved in TRAIL receptor overexpression-triggered NF-κB activation, while AD5-10 treatment induced NF-κB activation without cell death. Our results demonstrated that TRAIL receptormediated NF-κB activation and inflammatory cytokine release occur via both caspase-dependent and -independent pathways.
Compared with death receptor overexpression, DR5 engagement was much less potent in triggering inflammatory cytokine release. Since DR5 agonistic antibody treatment was more similar to DR5 engagement with TRAIL, our results suggest that TRAIL might be able to induce inflammatory cytokine release under certain circumstances. Interestingly, Weckmann et al. [33] reported a link between TRAIL and CCL20, which supports our conclusion.
Materials and Methods
Cell lines and reagents
The 293T (human embryonic kidney cells transformed with the T antigen of SV40), MDA-MB-231 (human breast cancer cells) and HCT-116 (human colon cancer cells) cell lines were provided by American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in DMEM supplemented with 10% FCS. IKK inhibitor II (Wedelolactone) was provided by Merck (Darmstadt, Germany). Mouse anti-human DR5 monoclonal antibody AD5-10 (IgG3) was prepared as described by Guo et al. [22] . Mouse IgG3 isotype control and rabbit anti-human FADD and RIP polyclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-human DR4, DR5 and caspase-8 polyclonal antibodies were purchased from Chemicon (Temecula, CA, USA).
Constructs
Gene expression constructs of TRAF2 (87-501), IκB (S32A/ S36A) (Dr Hongbing Shu, Wuhan University, China), IKKα (K44M), IKKβ (K44A), NIK (K429/430A) (Dr Jiandong Li, University of Rochester Medical Center, USA), FADD (80-205) (Dr Andrew Thorburn, University of Colorado Comprehensive Cancer Center, USA) and CrmA (Dr Andreas Strasser, The Walter and Eliza Hall Institute of Medical Research, Australia) were kind gifts from the indicated sources. Human DcR2 was amplified from a cDNA library and cloned into pCMV-Flag as described previously [34] . TRADD (158-312, S296A, L297A, E299A) was generated by point mutagenesis and cloned into pRK5. pWPXL-DR4 and pWPXL-DR5 were constructed by replacing the eGFP fragment with full-length cDNA of DR4 and DR5.
The NF-κB luciferase reporter plasmid was constructed as previously described [22] . The promoter fragments of other luciferase reporter constructs were amplified from genomic DNA and ligated into the pGL3 basic vector (Promega, Madison, WI, USA). The following primers were used: IL8: 5′-GAT TCT GCT CTT ATG CCT CCA C-3′, 5′-AGC TTG TGT GCT CTG CTG TCT CT-3′; CCL20: 5′-AAA TCA AGG TGA AGC TGA-3′, 5′-TCT TGG TAC AGC ACA TGG-3′; MIP-2: 5′-TCA GCT AAA CAG GCT TGG AAA-3′, 5′-GAG GAG GAG AGC TGG CAA-3′; and MIP-1β: 5′-CCC TGT ACC CAG CTC AAT CC-3′, 5′-GCT GTG TCC TGT GCT GAT ACT G-3′. 
Luciferase assay
Semi-quantitative RT-PCR
Cells (1 × 10 6 ) were lysed and RNA was isolated with Trizol reagent (Invitrogen, Carlsbad, CA, USA). First-strand cDNA was synthesized with 5 µg of total RNA using M-MLV reverse transcriptase (Promega, Madison, WI, USA). Subsequently, RT-PCR was performed and GAPDH was used as a control.
Cytokine measurement
The culture supernatants were collected to measure cytokine production. The concentrations of IL-8 and TNF-α were determined by BD CBA Human Inflammation Kit (BD Biosciences, San Diego, CA, USA), according to the manufacturer's instructions. CCL20 was measured by an ELISA kit purchased from R&D (Minneapolis, MN, USA).
Generation of lentiviral vectors
Lentiviral vectors were produced by co-transfection of 293T cells with pMD2.G, psPAX2 and corresponding pWPXL plasmids using calcium phosphate co-precipitation transfection. 72 h after transfection, the medium was harvested, centrifuged at 4 000 rpm for 10 min, and filtered through a 0.45-µm-pore-size filter.
Immunoprecipitation and Western blot analysis
After being treated with the AD5-10 monoclonal antibody as indicated, the cells (5 × 10 7 ) were collected and lysed with lysis buffer for 1 h on ice, followed by centrifugation at 12 000 rpm at 4 °C for 10 min to remove the cell debris. The supernatant was precipitated with goat anti-mouse IgG and protein A-coupled Sepharose beads at 4 °C for 12 h. After being washed extensively with the lysis buffer, the immuno-complexes were subjected to SDS-PAGE (5% acrylamide for spacer gel and 12% acrylamide for separation gel) and transferred to a PVDF membrane (Amersham Biosciences, Buckinghamshire, UK). The membrane was probed with specific antibodies and horseradish peroxidase (HRP)-conjugated antibodies, followed by visualization with a chemiluminescence system (ECL, Amersham Biosciences, Buckinghamshire, UK) and exposure to X-ray film.
Statistical analysis
All data are expressed as the mean from three experiments. Differences between groups were compared using Student's t-test. P-values were considered to be statistically significant when less than 0.05.
